REPORT  DOCUMENTATION  PAGE 

1  1 

form  Approved 

1  0MB  No.  0704-0188 

L. _ 

Public  fCDort-ng  buroen  ;^is  coliecsion  of  information  is  estimatec  Tc  3i.‘erace  -  nour  oer  r^soorse.  mciudinc  the  time  for  reviewing  instruaions,  searching  existmo  cJata  soorcp 

gathering  and  mamtainmg  the  data  needed,  and  comoleting  and  reviewing  the'cclieaion  of  mf ornr.ation,  Send'comments  regarding  this  burden  estimate  or  any  other  aspect  of 
collection  of  information,  including  suggestions  for  reducing  this  Duroen  to  Washington  Headauarters  Services.  Direaorate  tor  information  Operations  and  Reports  1215  Jeffers^^ 
Davis  Highway.  Suite  1 204.  Arlington,  v A  22202-4302.  and  10  the  Office  of  Management  and  Budget.  Paoerworn  Reduaion  Project  (0704-0188).  Washington.  DC  20503 

1.  AGENCY  USE  ONLY  fieave  blank) 

2.  REPORT  DATE 

June  17,  1996 

3.  REPORT  TYPE  AND  DATES  COVERED 

Final  Technical,  4/1/96-3/31/96 

4.  TITLE  AND  SUBTITLE 

Non-Contact  Ultrasound  Systems  for  Detection  of  Fatigue 
and  Corrosion  Damage  in  Aircraft 

5.  FUNDING  NUMBERS 

AFOSR  Grant 
F49620-95-^251 

6.  AUTHOR(S) 

Robert  E.  Green,  Jr. 

7.  PERFORMING  ORGANIZATION  NAME(S)  AND  ADDRESS(ES) 

Center  for  Nondestructive  Evaluation 
The  Johns  Hopkins  University 
3400  N.  Charles  St. 

Baltimore,  MD  21218-2689 

9.  SPONSORING /MONITORING  AGENCY  NAME(S)  AND  ADDRESS(ES)|^ 

Air  Force  Office  of  Scientific  Research 
110  Duncan  Avenue,  Suite  B115 
Bolling  AFB,  DC  20332-0001 


11.  SUPPLEMENTARY  NOTES 


AFOSR-TR-96 


10.  SPONSORING/ MONITORING 
AGENCY  REPORT  NUMBER 


02.5/ 


12a.  DISTRIBUTION /AVAILABILITY  STATEMENT 


12b.  DISTRIBUTION  CODE 


pqfcii, 


13.  ABSTRACT  fMax/mum  200  worc/s) 

This  research  has  been  directed  at  development  and  application  of  non-contact 
laser,  electromagnetic  acoustic  transducers  (EMATs),  and  air-coupled  technology 
to  enhance  means  for  ultrasonic  detection  of  fatigue  and  corrosion  damage  in 
military  aircraft  structures.  The  methods  which  have  been  investigated  include: 

( 1 )  laseiT  genera tion/EMAT  detection 

(2)  laser  generation  and  detection 

(3)  laser  generation/air-coupled  detection 

(4)  air-coupled  generation  and  detection 


19960726  048 


1 _ _ 

14.  SUBJECT  TERMS  -  . 

ultrasound,  lasers,  EMATs,  aircraft 

15.  NUMF^  OF^^G^^ 

16.  PRICE  CODE 

inclassified 

17.  SECURITY  CLASSIFICATION 

OF  REPQRT 

unclassified 

18.  SECURITY  CLASSIFICATION  . 

0/  THia  PAGL 
unclassified 

19.  SECURITY  CLASSIFICATION 

OF  ABSTRACT, 

unclassified 

20.  LIMITATION  OF  ABSTRAC 

U 

NbN  /b40-01 -280-5500  St; 

DTIC  QUALTIY  nfSPEGTBD  1 

andard  Form  298  (Rev.  2-89) 

scribed  by  ANSI  Std  Z39-18 

1-102 

THIS  DOCUMENT  IS  BEST 
QUALITY  AVAILABLE.  THE  COPY 
FURNISHED  TO  DTIC  CONTAINED 
A  SIGNIFICANT  NUMBER  OF 
PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


NON-CONTACT  ULTRASOUND  SYSTEMS  FOR  DETECTION 
OF  FATIGUE  AND  CORROSION  DAMAGE  IN  AIRCRAFT 


Robert  E.  Green,  Jr.  and  James  W.  Wagner 
Center  for  Nondestructive  Evaluation 
The  Johns  Hopkins  University 
Baltimore,  MD  21218-2689 


Final  Report,  June  1996 
AFOSR  Grant  F49620-95- 1-0251 


ABSTRACT 

This  research  has  been  directed  at  development  and  application  of  non-contact  laser, 
electromagnetic  acoustic  transducers  (EMATs),  and  air-coupled  technology  to  enhance  means  for 
ultrasonic  detection  of  fatigue  and  corrosion  damage  in  military  aircraft  structures.  The  methods 
which  have  been  investigated  include:  (1)  laser  generation/EMAT  detection,  (2)  laser  generation 
and  detection,  (3)  laser  generation/air-coupled  detection,  (4)  air-coupled  generation  and  detection. 

A  completely  new  design  laser  generation  system  capable  of  generating  discrete  narrow  band 
frequency  ultrasound  rather  than  the  broad  frequency  band  ultrasound  generated  by  conventional 
laser  pulses  was  optimized  and  applied  to  EMAT  detection  of  machined  slots  (simulating  cracks)  in 
an  aluminum  plate.  The  same  new  design  laser  generation  system  was  applied  for  the  experiments 
involving  laser  generation  and  detection  of  ultrasound.  A  specially  designed  laser  interferometer 
was  used  which  has  a  flat  frequency  response  with  virtually  no  phase  shift  over  the  bandpass  range 
of  10  kHz  to  10  MHz.  This  interferometer  provided  absolute  amplitude  calibration  at  the  beginning 
and  end  of  a  test  as  well  as  instantaneous  relative  calibration  at  the  moment  of  measurement.  This 
system  was  used  to  examine  an  actual  aluminum  aircraft  lap  joint  supplied  by  Tinker  Af®.  An 
optimized  air-coupled  ultrasound  generation  and  detection  system  has  been  developed.  The  major 
components  of  the  air-coupled  C-scan  system  are  a  state-of-the-art  ultrasonic  measurement  system, 
a  high-resolution  XYZ-scanning  bridge,  specially  designed  air-coupling  ultrasonic  transducers, 
and  computer  control. 


BACKGROUND 

Since  military  aircraft  of  current  design  are  complex,  expensive  structures  and  since  the 
present  funding  situation  severely  limits  the  construction  of  new  aircraft,  there  is  an  ever  increasing 
demand  to  assure  the  longer  safe  service  life  of  components  prior  to  maintenance  disassembly  and 
replacement.  Unnecessary  time  spent  on  the  ground  in  uneconomical  from  a  financial  viewpoint 
and  can  be  disastrous  from  a  military  viewpoint.  Therefore,  it  is  imperative  that  advanced  reliable 
nondestructive  evaluation  techniques  be  developed  to  detect  both  fatigue  and  corrosion  damage  in 
aircraft  currently  in  service. 

Fatigue  damage  resulting  in  microcrack  and  subsequent  macrocrack  formation  constitutes 
one  of  the  primary  mechanisms  for  loss  of  structural  integrity  leading  to  failure  of  aircraft 
components.  It  has  been  well  documented  for  all  types  of  fracture  that  nucleation  of  cracks  in 
metals  occurs  as  a  result  of  inhomogeneous  plastic  deformation  in  microscopic  regions.  This 
inhomogeneous  plastic  deformation  can  be  in  the  form  of  slip  bands,  deformation  bands, 
mechanical  twinning,  or  localized  strain  concentrations  at  grain  boundaries,  precipitates,  dispersed 
particles,  and  inclusions.  Moreover,  the  mechanisms  responsible  for  these  regions  of 


inhomogeneous  plastic  deformation  are  all  based  on  dislocation  interactions.  In  particular, 
dislocation  interactions  with  point  defects,  with  other  dislocations,  with  stacking  faults,  with  grain 
boundaries,  and  with  volume  defects  are  known  to  create  regions  of  severe  localized  plastic 
deformation,  which  develop  into  microcracks,  and  these,  in  turn,  either  coalesce  or  grow  into 
macrocracks  leading  to  ultimate  fracture. 

Therefore,  the  ideal  nondestructive  evaluation  technique  would  permit  very  early  detection 
of  fatigue  damage  so  that  proper  assessment  of  the  severity  and  rate  of  severity  increase  of  the 
structural  damage  leading  to  failure  can  be  made.  Thus  the  most  sensitive  NDE  techniques  would 
be  capable  of  detecting  motion  and  pile-up  of  dislocations;  the  next  most  sensitive  techniques 
would  be  capable  of  detecting  microcracks;  the  least  sensitive  systems  would  be  only  capable  of 
detecting  macrocracks.  It  is  practically  expedient  to  have  NDE  techniques  which  can  successfully 
detect  fatigue  damage  in  each  of  these  regimes  since  some  components  can  tolerate  larger  regions 
of  fatigue  damage  or  larger  crack  sizes  than  others  without  serious  concern  for  the  structural 
integrity  of  the  component. 

FATIGUE  CRACK  DETECTION  SURVEY 

Historically,  nondestructive  testing  techniques  were  primarily  used  to  detect  the  existence 
of  macrocracks  in  structural  materials.  Of  prime  concern  in  this  regard  is  the  size  of  the  smallest 
flaw  which  can  be  detected  by  each  of  the  nondestructive  testing  methods.  W.D.  Rummel  et  al.  (1) 
conducted  a  comprehensive  statistical  analysis  of  the  detectability  of  artificially  induced  fatigue 
cracks  in  aluminum  alloy  test  specimens.  They  evaluated  118  test  specimens  containing  a  total  of 
328  fatigue  cracks.  The  cracks  ranged  in  length  from  0.018  to  1.27  cm  and  in  depth  from  0.003  to 
0.451  cm.  The  test  specimens  were  evaluated  in  the  "as-milled"  surface  condition,  in  the  "etched" 
surface  condition,  and  after  proof  testing,  in  a  randomized  inspection  sequence.  The 
nondestructive  test  methods  used  were  x-radiography,  dye  penetrant,  eddy  current,  and 
ultrasonics.  The  984  nondestructive  observations  taken  using  each  method  served  as  a  sample 
base  for  establishment  of  high  confidence  levels.  Based  on  the  results  of  their  measurements,  it 
was  concluded  that  x-radiography  is  the  least  reliable  of  the  four  test  methods  for  detection  of  tight 
cracks  and  should  not  be  considered  as  a  sensitive,  reliable  method  for  detection  of  tight  cracks.  On 
the  other  hand,  the  ultrasonic  method  was  shown  to  be  the  most  reliable  for  crack  detection  as  well 
as  to  be  the  most  accurate  in  measuring  crack  dimensions. 

However,  the  conventional  contact  ultrasonic  techniques  can  only  detect  macrocracks  and 
are  not  able  to  detect  material  changes  prior  to  macrocrack  formation  caused  by  either  fatigue  or 
corrosion  damage.  The  research  effort  reported  here  has  been  directed  at  development  and 
optimization  of  several  non-contact  ultrasonic  systems  for  detection  of  both  fatigue  and  corrosion 
damage  in  aluminum  alloy  aircraft  structures. 

ULTRASONIC  DETECTION  OF  FATIGUE  DAMAGE 

Basically,  there  are  three  different  ultrasonic  techniques  which  lend  themselves  to  detection 
of  the  onset  of  fatigue  damage  namely  body  wave  reflection,  surface  wave  reflection,  and 
ultrasonic  attenuation. 

Body  Wave  Reflection; 

Body  wave  reflection  techniques  for  fatigue  damage  detection  were  first  reported  in  1964 
and  have  continued  to  the  present  time.  However,  body  wave  reflection  techniques  are  not 
sensitive  to  material  changes  which  give  warning  of  fatigue  damage  prior  to  macrocrack  formation. 
The  main  reason  for  this  is  that  in  order  for  an  easily  detectable  fraction  of  the  incident  ultrasonic 
energy  to  be  reflected  from  a  crack  back  to  the  transducer,  the  crack  must  be  relatively  large,  and 
often  the  structure  will  already  be  well  on  the  wave  to  fracture. 


Surface  Wave  Reflection: 


Although  surface  wave  reflection  techniques  have  been  used  since  1962  to  detect  fatigue 
cracks,  they  are  not  sensitive  to  material  changes  which  give  warning  of  fatigue  damage  prior  to 
macrocrack  formation.  The  surface  condition  of  the  structure  and  proper  transducer  attachment  are 
special  problems  associated  with  the  use  of  surface  waves.  Moreover,  in  many  materials  internal 
stress  concentrations  cause  cracks  to  form  in  the  interior  of  the  structure  and  not  at  the  surface 
where  they  can  be  detected  by  surface  waves. 

Ultrasonic  Attenuation: 

The  first  ultrasonic  technique  used  to  study  the  development  of  fatigue  damage  during 
fatigue  cycling  was  the  ultrasonic  attenuation  technique.  As  early  as  1956,  R.  Truell  and  A.  Hikata 
(2)  observed  changes  in  ultrasonic  attenuation  in  the  early  stages  of  fatigue  cycling  on 
polycrystalline  aluminum  specimens.  Similar  measurements  have  continued  up  to  the  present  time 
(3-32),  a  large  portion  of  which  was  sponsored  by  the  Air  Force  Office  of  Scientific  Research. 
Although  this  technique  has  been  proven  to  be  the  optimum  one  to  detect  early  fatigue  damage,  it 
has  not  proven  useful  for  field  use  because  of  the  problem  of  acoustically  coupling  the  transducer 
to  the  structure  in  a  reproducible  fashion. 

ULTRASONIC  DETECTION  OF  CORROSION  DAMAGE 

Although  the  need  to  nondestructively  detect  corrosion  damage  in  military  aircraft  has  been 
recognized  for  over  10  years,  the  fact  that  many  aircraft  currently  in  service  are  scheduled  to  fly 
well  past  their  original  design  life  up  to  the  year  2040,  greatly  increases  the  requirement  for  a 
reliable  nondestructive  method  to  detect  corrosion.  Recently  a  number  of  efforts  have  been 
initiated  to  nondestructively  detect  corrosion  in  aluminum  alloy  aircraft  components.  However,  to 
the  best  of  the  present  investigators  knowledge,  none  of  these  techniques  involve  ultrasonic 
attenuation  measurements.  Since  any  corrosion  product  on  the  surface  of  aluminum  alloys  will 
result  in  an  increase  in  ultrasonic  attenuation,  this  technique  also  has  a  very  high  probability  of 
detecting  even  small  amounts  of  hidden  corrosion. 

CONTACT  OR  WATER  COUPLED  TRANSDUCERS 

Historically,  piezoelectric  crystals  such  as  quartz  were  predominantly  used  as  transducer 
materials.  Currently,  poled  ferroelectric  ceramics  are  most  often  used.  A  major  problem 
associated  with  conventional  ultrasonic  techniques  is  the  requirement  that  the  piezoelectric 
transducers  be  acoustically  bonded  to  the  test  material  with  some  sort  of  acoustical  impedance 
matching  coupling  medium  such  as  water,  oil,  or  grease;  or  often  more  harmful,  is  the  necessity  of 
immersing  the  entire  material  structure  to  be  tested  in  a  tank  of  water  or  coupling  the  transducers  to 
the  workpiece  using  water  squirter  systems.  Although  the  couplant  allows  acoustical  energy  to 
propagate  into  the  test  material,  it  causes  several  problems  in  addition  to  potential  harm  to  the 
material.  For  velocity  measurements,  which  are  necessary  for  material  thickness  measurements, 
the  coupling  medium  can  cause  transit  time  errors  on  the  order  of  one  percent  of  the  measured 
values.  Due  to  partial  transmission  and  partial  reflection  of  the  ultrasonic  energy  in  the  couplant 
layer,  there  may  be  a  change  of  shape  of  the  waveform  which  can  further  affect  velocity 
measurement  accuracy.  This  can  also  lead  to  serious  errors  in  absolute  attenuation  measurements 
of  up  to  twenty  percent  of  the  measured  values.  This  latter  fact  is  the  reason  that  so  few  reliable 
absolute  measurements  of  attenuation  are  reported  in  the  scientific  literature. 

It  is  also  important  to  note  that  the  character  of  the  piezoelectric  transducer  itself  exerts  a 
major  influence  on  the  components  of  the  ultrasonic  signal,  since  conventional  transducers  do  not 
respond  as  a  simple  vibrating  piston  and  have  their  own  frequency,  amplitude,  and  directional 
response.  In  addition,  they  "ring"  at  their  resonance  frequency  and  it  is  extremely  difficult  to 


distinguish  between  the  amplitude  excursions  caused  by  this  "ringing"  and  the  amplitude  variations 
actually  characteristic  of  the  ultrasonic  signal.  They  are  also  limited  in  their  frequency  response 
and,  since  they  are  in  contact  with  the  surface  of  the  material  to  be  tested,  they  can  load  this  surface 
and  thereby  modify  the  ultrasonic  wave  itself. 

NON-CONTACT  TRANSDUCERS 

A  method  of  non-contact  generation  and  detection  of  ultrasound  is  therefore  of  great 
practical  importance.  Several  such  techniques  are  presently  available  in  various  stages  of 
developinent,  namely  capacitive  pick-ups,  electromagnetic  acoustic  transducers  (EMAT'S),  laser 
beam  optical  generators  and  detectors,  and  more  recently  air-coupled  ultrasonic  systems.  However, 
as  the  name  implies,  capacitive  pick-ups  cannot  be  used  as  ultrasonic  generators  and,  even  when 
used  as  detectors,  the  air  gap  required  between  the  pick-up  and  test  structure  surface  is  extremely 
small,  which  in  essence  causes  the  device  to  be  very  nearly  a  contact  one. 

EMAT's,  on  the  other  hand,  have  been  successfully  used  for  material  defect 
characterization  particularly  in  metal  bars,  tubes,  pipes,  and  plates.  One  major  problem  with 
EMAT’s  is  that  the  efficiency  of  ultrasound  generation  and  detection  rapidly  decreases  with  lift-off 
distance  between  the  EMAT'S  face  and  the  surface  of  the  test  object.  They  can  obviously  only  be 
used  for  examination  of  electrically  conducting  materials.  Because  of  the  physical  processes 
involved  they  are  much  better  detectors  than  generators  of  ultrasound. 

Laser  beam  ultrasound  generation  and  detection  overcomes  all  of  these  problems  and 
affords  the  opportunity  to  make  truly  non-contact  ultrasonic  measurements  in  both  electrically 
conducting  and  non-conducting  materials,  in  materials  at  elevated  temperatures,  in  corrosive  and 
other  hostile  environments,  in  geometrically  difficult  to  reach  locations,  and  do  all  of  this  at 
relatively  large  distances,  i.e.  meters,  from  the  test  object  surface  (33).  Furthermore,  lasers  are 
able  to  produce  simultaneously  both  shear  and  longitudinal  bulk  wave  modes  as  well  as  Raleigh 
and  plate  modes. 

Air-coupled  ultrasonic  systems  have  been  recently  developed  (34-36)  and  currently 
research  is  underway  to  optimize  them  for  practical  non-contact  ultrasonic  applications.  These 
systems  are  relatively  similar  to  conventional  contact  ones  and,  therefore,  when  optimized  may 
play  an  important  role  in  modem  nondestmctive  evaluation  of  military  aircraft. 

LASER  GENERATION/LASER  GENERATION  OF  ULTRASOUND 

Three  different  mechanisms  account  for  the  generation  of  ultrasonic  waves  by  the  impact  of 
pulsed  laser  beams,  namely  radiation  pressure,  ablation,  and  thermoelasticity  (37).  Radiation 
pressure,  which  is  caused  by  momentum  transfer  from  the  incident  electromagnetic  pulse,  is  the 
least  efficient  of  the  three  proposed  mechanisms  and  is  therefore  of  little  importance  for  practical 
applications.  At  the  other  extreme,  when  a  laser  pulse  possessing  sufficient  power  density  strikes 
the  surface  of  a  material  the  electromagnetic  radiation  is  absorbed  in  a  very  thin  layer  of  the  material 
and  vaporizes  it.  The  amplitude  of  the  ultrasonic  wave  generated  in  the  material  by  this  ablation 
process  can  often  be  increased  by  placing  a  coating  of  a  material  possessing  different  thermal 
properties  on  the  surface  of  the  test  object.  Although  the  surface  of  the  test  object  is  slightly 
damaged  when  ablation  occurs,  in  certain  cases  the  amount  of  damage  is  acceptable  when  such  a 
generation  process  is  the  only  way  to  obtain  ultrasonic  waves  of  sufficient  amplitude  in  a  non- 
contact  manner.  The  thermoelastic  process  consists  of  absorption  of  a  laser  pulse  possessing 
moderate  energy  in  a  finite  depth  of  the  material  under  investigation  such  that  thermal  expansion 
causes  a  volume  change  and  consequently  an  elastic  wave.  Thus,  the  thermoelastic  process  is  the 
only  process  which  is  truly  nondestructive  and  still  capable  of  generating  an  ultrasonic  wave  of 
sufficient  amplitude  for  nondestructive  evaluation  purposes. 


Laser  detection  of  ultrasonic  signals  is  usually  performed  using  an  interferometer  system  to 
detect  the  minute  displacements  of  an  object  surface  as  the  ultrasonic  waves  impinges  upon  or 
propagates  along  it.  A  beam  of  laser  light  is  reflected  from  the  object  surface  back  into  the 
interferometer  system  so  that  changes  in  the  optical  phase  or  Doppler  shifted  frequency  can  be 
detected  (38).  Detection  of  ultrasonic  signals  can  be  recorded  with  very  broad  frequency 
bandwidths  in  excess  of  100  MHz,  if  necessary,  thereby  resulting  in  very  high  fidelity  recording  of 
actual  ultrasonic  surface  displacements.  Fundamental  calibration  based  upon  the  known 
wavelength  of  the  laser  light  means  that  ultrasonic  displacements  amplitudes  can  be  measured  with 
a  high  degree  of  accuracy.  Consequently,  absolute  attenuation  measurements  can  be  made 
independent  of  couplant  materials,  transducer  resonances,  and  other  variations  inherent  in 
conventional  piezoelectric  transducer  systems.  In  fact,  laser  interferometer  systems  have  been 
designed  specifically  to  facilitate  highly  accurate  attenuation  measurements  of  surface  and  plate 
waves  (39,40). 

Although  they  possess  high  fidelity  and  are  highly  accurate,  laser  interferometric  receivers 
are  the  weak  link  in  laser-based  ultrasonic  systems.  Although  the  laser  generator  can  be  a  relatively 
efficient  source  of  ultrasonic  signals,  a  laser  interferometric  receiver  is  somewhat  less  sensitive 
than  its  piezoelectric  counterpart.  For  this  reason  several  schemes  have  been  explored  to  enhance 
the  overall  laser  ultrasonic  system  sensitivity.  Direct  methods  for  enhancing  sensitivity  involve  the 
use  of  very  bright  (and  often  quite  expensive)  lasers  for  both  the  generating  and  receiving  sources 
(41).  Preliminary  results  have  shown  great  promise  for  other,  more  sophisticated  methods  such  as 
laser  generation  of  narrowband,  tone  burst  signals,  and  the  use  of  spatial  arrays  (42-49). 

ACCOMPTJSHMENTS/NEW  FINDINGS 
Laser  Generation/EMAT  Detection 


A  completely  new  design  laser  generation  system  capable  of  generating  discrete  narrow 
band  frequency  ultrasound  rather  than  the  broad  frequency  band  ultrasound  generated  by 
conventional  laser  pulses  has  been  optimized  and  applied  to  EMAT  detection  of  machined  slots 
(simulating  cracks)  in  an  aluminum  plate.  This  pulsed  laser  generation/EMAT  detection  system  is 
still  technically  non-contact,  but  because  of  the  EMAT  it  is  not  technically  remote,  i.e.  the  EMAT 
needs  to  be  placed  in  close  proximity  to  the  test  structure  surface.  However,  the  EMAT  does  have 
the  advantage  that  it  does  not  require  couplants  or  special  surface  preparation.  Although  the  EMAT 
is  not  an  efficient  generator  of  ultrasound,  it  is  an  excellent  receiver  for  angled  shear  waves  and, 
therefore,  the  pulsed  laser/EMAT  combination  is  a  near  ideal  combination  for  angled  shear  wave 
testing  without  surface  contact. 

The  novelty  of  this  research  is  that  the  pulsed  laser/EMAT  system  is  employed  in  a  narrow 
frequency  band  or  resonant  configuration.  The  EMAT  is  part  of  a  tunable  resonant  circuit 
composed  of  the  EMAT  coil  itself  and  an  adjustable  shunt  capacitor.  To  match  the  frequency 
response  of  the  tuned  EMAT,  the  new  optimized  pulsed  laser  generation  system  was  used  and 
pulsed  in  rapid  succession  at  the  EMAT's  resonant  frequency.  In  addition,  this  system  has  some 
other  significant  advantages.  For  example,  operation  of  the  laser  generator  in  the  thermoelastic 
regime,  which  is  required  for  strong  angled  shear  wave  generation,  can  only  occur  at  relatively  low 
laser  pulse  energy  densities.  Above  some  energy  density  threshold,  the  event  becomes  ablative, 
scarring  the  surface  of  the  test  structure.  This  ablation  causes  the  additional  laser  energy  to  be 
coupled  primarily  into  the  normal  longitudinal  wave  (with  lambertian  directivity)  and  the  Rayleigh 
wave  at  the  expense  of  the  new  shear  wave.  This  energy  threshold  limits  the  amount  of  energy  that 
can  be  coupled  from  a  single  laser  pulse  into  the  angled  shear  wave  mode.  In  the  new  optimized 
laser  generation  system  up  to  ten  laser  pulses  (from  separate  lasers)  at  energies  below  the  ablation 
threshold  illuminate,  in  rapid  succession,  a  single  spot  on  the  surface  of  the  test  structure. 
Consequently,  the  usable  shear  wave  energy  in  the  material  is  increased  over  the  maximum  that  a 
single  laser  pulse  could  provide. 


Another  advantage  of  the  narrowband  system  stems  from  the  fact  that  the  angle  at  which  the 
meander  line  EMAT  is  most  sensitive  is  proportional  to  the  wavelength,  and  therefore  frequency, 
of  the  ultrasonic  waves.  An  angled  shear  wave  arriving  at  the  surface  will  have  a  surface 
wavelength  that  is  greater  than  the  actual  wavelength  by  a  factor  proportional  to  the  sine  of  the 
angle  of  incidence.  When  this  surface  projected  wavelength  matches  twice  the  EMAT  conductor 
spacing  a  current  is  induced  in  the  coil.  Such  a  resonant  meander  line  EMAT  was  constructed  and 
tested  on  an  aluminum  plate  37  mm  thick  which  contained  a  one  third  through  thickness  saw  cut. 

As  shown  in  Fig.  la,  the  pulsed  NdrYAG  infrared  laser  (1.06  micron,  delivering 
approximately  6  mJ  in  9  ns),  labeled  "I.R."  in  the  figure,  and  EMAT  were  used  side-by-side.  By 
means  of  a  cylindrical  lens  the  laser  beam  was  focused  onto  a  line  source  running  parallel  to  the 
conductor  lines  of  the  EMAT  on  the  metal's  surface.  Fig.  lb,  shows  the  received  EMAT  signal 
which  consists  of  the  average  of  ten  single  laser  firings.  The  signal  reflected  from  the  cut  is  seen  at 
30  microsec.  The  Rayleigh  surface  waveform  is  visible  in  the  first  10  microsec  of  the  trace. 

Although  in  the  initial  experiment  the  pulsed  laser/EMAT  system  used  only  a  single  laser 
pulse,  it  was  capable  of  detecting  the  one  third  through  thickness  opposite  side  cut.  However,  to 
detect  real  small  cracks  it  was  necessary  to  increase  the  signal-to-noise  ratio  of  the  system.  A 
single  laser  pulse  generates  a  broad  frequency  spectrum  of  ultrasound  resulting  in  a  spectral 
mismatch  with  the  receiving  EMAT.  Broadening  the  EMAT  spectral  bandwidth  to  match  the  laser 
pulse  spectrum  has  several  disadvantages  including  loss  of  the  adjustable  angular  selectivity  and 
Rayleigh  wave  signal  suppression.  Therefore,  it  was  better  to  modify  the  spectrum  of  the  laser 
generated  ultrasonic  waves  by  rapidly  pulsing  the  laser  source  to  match  the  resonance  frequency  of 
the  EMAT.  This  had  the  added  advantage  of  allowing  more  shear  wave  energy  to  be  introduced 
into  the  metal  than  could  be  thermoelastically  by  a  single  laser  pulse,  while  operating  at  power 
densities  below  the  ablation  threshold. 

A  new  optimized  ten  cavity  laser  system,  shown  schematically  in  Fig.  2,  was  used  to 
generate  the  required  periodic  pulse  train.  This  multi-element  laser  system  was  composed  of  ten 
Q-switched  NdrYAG  cavities  with  a  common  power  supply  and  timing  electronics.  The  timing 
circuit  allowed  the  cavities  to  be  fired  with  any  desired  delay.  Turning  mirrors  were  used  to  direct 
the  infrared  (I.R.)  light  pulses  through  a  cylindrical  lens  to  the  surface  of  the  test  specimen.  The 
arrangement  allowed  each  cavity's  pulse  to  be  focused  to  a  line  at  a  fixed  distance  adjacent  to  the 
EMAT  on  the  metal's  surface.  The  photodiode  detected  output  of  the  multi-cavity  system  is  shown 
in  Fig.  3a,  for  the  case  when  all  ten  cavities  were  pulsed  at  500  ns  separation.  Fig.  3b  shows  the 
frequency  power  spectrum  of  the  photodiode  signal  for  a  2  MHz  firing  rate. 

An  aluminum  plate  with  a  "penny-shaped"  cut  was  tested  to  demonstrate  the  improved 
sensitivity  of  the  narrowband  laser  technique.  The  penny-shaped  cut  (Fig.  4)  was  3  mm  deep,  25 
mm  end-to-end  and  0.7  mm  wide.  In  this  figure  I.R.  indicates  the  spot  where  all  of  the  laser 
pulses  were  incident.  Also  indicated  is  the  expected  reflected  path  of  ultrasound  from  the 
penny-shaped  cut  to  the  EMAT.  The  signals  detected  by  the  EMAT  for  the  cases  of  one,  three, 
five  and  seven  laser  pulses  are  also  shown.  Note  that  the  cut  reflected  signal  became  increasingly 
larger  with  respect  to  the  background  noise  as  the  number  of  pulses  were  increased.  At  the  bottom 
of  this  figure  are  the  spectra  of  the  EMAT  time  signals  which  demonstrate  that  adding  additional 
pulses  increased  the  frequency  content  of  the  pulse  repetition  rate. 

Laser  Generation/Laser  Detection; 

The  same  new  design  laser  generation  system  capable  of  generating  discrete  narrow  band 
frequency  ultrasound  was  applied  for  the  experiments  involving  laser  generation/laser  detection  of 
ultrasound.  A  specially  designed  laser  interferometer  was  used  which  has  a  flat  frequency 
response  with  virtually  no  phase  shift  over  the  bandpass  range  of  10  kHz  to  10  MHz.  This 
interferometer  provides  absolute  amplitude  calibration  at  the  beginning  and  end  of  a  test  as  well  as 


instantaneous  relative  calibration  at  the  moment  of  measurement.  Since,  in  some  experiments,  the 
structure  under  investigation  may  move  or  change  optical  reflectivity,  the  latter  feature  is  critical  in 
assuring  accurate  measurements.  This  system  was  used  to  examine  an  actual  aluminum  aircraft  lap 
joint  supplied  by  Tinker  AFB.  A  schematic  drawing  of  the  experimental  arrangement  is  shown  in 
Fig.  5. 


In  order  to  simulate  the  bonding  between  layers  of  an  aluminum  lap  joint  as  used  in  aircraft 
construction,  aluminum  plates  of  1  mm  thickness  were  bonded  together  with  epoxy.  The  source 
and  detector  were  on  the  same  side  of  the  plates  and  their  distance  of  separation  was  10  mm.  A  12 
mJ  2.5  mm  diameter  single  laser  pulse  was  used  as  a  source.  The  waveforms  shown  in  Fig.  6 
represent  the  evolution  of  guided  plate  modes  and  were  very  sensitive  to  the  number  of  bonded 
plates  (i.e.  total  thickness).  Figures  6a,b,c  show  the  waveforms  recorded  from  a  single  plate,  two 
bonded  plates,  and  three  bonded  plates,  respectively. 

Figure  7  shows  the  theoretical  prediction  of  single  pulse  laser  generated/laser  detected 
guided  plate  waveforms  in  1, 2,  and  3  mm  thick  aluminum  plates.  Comparison  with  Fig.  7  shows 
that  the  bonded  plates  of  a  given  total  thickness  behave  in  a  manner  similar  to  a  single  plate  of  the 
same  thickness.  This  gives  an  indication  of  the  integrity  of  the  bonded  region.  Note  that  the 
theoretical  waveforms  are  for  single  plates  of  various  thicknesses  and  that  the  effects  of  a  finite 
bonding  layer  between  the  plates  have  been  neglected.  Thus  some  of  the  differences  between  Figs. 
6  and  7  may  be  attributed  to  these  effects. 

For  the  actual  lap  joint  specimen,  provided  by  Tinker  AFB,  the  plate  waves  generated  in  the 
single,  double,  and  triple  layers  were  similar,  and  comparison  with  the  theoretical  waveform  for  a 
1.35  mm  thick  aluminum  plate  indicates  that  these  waveforms  are  plate  waves  propagating  on  the 
top  most  layer  of  aluminum  Fig.  8.  This  may  indicate  incomplete  bonding  between  the  layers  in 
the  specimen  used  in  this  investigation. 

Both  Figs.  9  and  10  indicate  through  transmission  experiments  on  epicenter  in  the  actual 
lap  joint  specimen.  For  these  experiments  a  15  mJ  2.0  mm  diameter  single  laser  pulse  was  used  as 
a  source.  The  experimentally  recorded  J  waveform  shown  in  Fig.  9a  was  recorded  from  a  portion 
of  a  single  aluminum  layer  from  which  the  paint  was  removed  and  compared  with  the  waveform 
recorded  from  a  single  aluminum  layer  which  was  painted  Fig.  9b.  These  figures  show  the  effect 
of  the  outer  paint  covering  on  the  generation  of  ultrasonic  waves  by  the  laser  pulse.  The  light 
absorption  is  increased  by  the  paint  which  in  this  case  may  act  as  a  volume  absorber.  Longitudinal 
wave  generation  from  such  a  source  is  greatly  enhanced.  One  advantage  of  using  a  painted 
specimen  over  a  bare  metallic  specimen  may  be  that  a  lower  energy  laser  may  be  used  to  generate 
ultrasound. 

Figure  10  shows  the  high  fidelity  of  the  laser  ultrasonic  signals  which  could  be  useful  for 
detection  of  slight  wall  thinning  due  to  corrosion.  Note  that  this  is  a  through  thickness 
transmission  measurement  with  source  and  receiver  on  opposite  sides  and  such  measurements  with 
source  and  receiver  on  the  same  side  of  the  specimen  were  unsuccessful.  This  is  partially  due  to 
the  fact  for  the  same  side  case  surface  waves  or  nearfield  plate  modes  are  generated  as  well  as  a 
surface  skimming  longitudinal  wave.  Thus  in  some  cases  the  bulk  wave  arrival  may  be  masked. 

These  experimental  results  seem  contradictory  in  some  senses.  The  bulk  wave  data  on  the 
actual  lap  joint  specimen  indicates  that  these  waves  are  propagating  through  the  interfaces,  while 
the  plate  wave  data  suggests  that  they  are  not.  There  are  two  possible  explanations  for  this:  (1) 

The  plates  are  bonded,  but  not  bonded  well  so  that  a  small  amount  of  the  bulk  wave  energy  passes 
through  the  interface.  (2)  There  is  porosity  or  small  disbonded  regions  in  the  interface. 


More  experiments  need  to  be  performed  on  well  documented  lap  joints  before  any  final 
conclusions  can  be  made.  As  is  usual  in  the  development  of  new  or  improved  nondestructive 
evaluation  experiments,  the  availability  of  well  characterized  calibration  specimens  is  lacking.  It  is 
hopeful  that  the  Air  Force  can  remedy  this  situation. 

The  most  recent  research  effort  has  been  the  development  of  an  optical  scanning  system  that 
provides  area  inspection  capability,  identical  to  that  of  a  conventional  water-immersion  C-scan 
system,  but  using  laser  generation  and  detection  to  permit  remote,  non-contact,  rapid  component 
inspection.  This  system  uses  an  ultra-stable  single  longitudinal  mode  CW  Nd:  YAG  laser  operating 
at  532nm  as  the  receiving  laser  and  a  pulsed  NdiYAG  at  1064nm  as  a  generation  source.  The 
system  incorporates  a  2-axis  galvanometer  scanning  system  with  a  2-inch  clear  aperture  to  collect 
light  and  uses  a  confocal  Fabry-Perot  etalon  so  that  rough  surfaces  may  be  accommodated.  A 
schematic  of  the  laser-based  C-scan  system  is  shown  in  Fig.  12. 

This  laser-based  C-scan  system  was  used  to  inspect  a  1/2"  thick  steel  plate  for  wall  thinning 
and  weld  integrity  assessment.  The  steel  plate  measured  24"  x  30"  and  had  several  representative 
wall  thinning  defects  milled  in  the  back  surface.  Each  milled  area  measured  2.5"  x  2.5"  with 
depths  of  1/16"  and  1/8".  Additionally,  a  6"  x  30"  plate  of  1/2"  thick  steel  was  welded  at  right 
angles  to  the  large  plate  so  that  weld  integrity  could  be  evaluated.  One  weld  was  purposely  made 
bad  in  comparison  with  the  others.  The  laser-based  C-scan  inspection  results  are  shown  in  Fig. 

13.  The  top  portion  of  the  figure  shows  the  images  of  the  2.5"  x  2.5"  recesses  milled  in  the  back 
surface  of  the  plate.  On  the  left  if  the  1/16"  deep  recess  and  on  the  right  is  the  1/8"  deep  recess. 

The  recess  areas  are  clearly  visible  and  the  wall  thickness  variations  are  easily  differentiable.  The 
figures  in  the  bottom  section  of  Fig.  13  show  that  the  laser-based  C-scan  system  can  also  locate 
and  inspect  for  weld  quality.  The  good  weld  is  in  the  upper  left  of  the  bottom  figures  and  the  bad 
weld  is  in  the  center  portion  of  the  figures. 

Laser  Generation/Air-Coupled  Detection 

This  portion  of  the  research  effort  has  been  directed  at  selecting  components  and 
assembling  the  air-coupled  ultrasound  experimental  system.  The  major  components  of  the 
air-coupled  C-scan  system  are  a  state-of-the-art  ultrasonic  measurement  system  (RTTEC 
RAM- 10000),  a  high-resolution  XYZ-scanning  bridge  (SONIX),  specially  designed  air-coupling 
ultrasonic  transducers  (Harisonic),  and  a  personal  computer.  Figure  1 1  shows  a  schematic 
drawing  of  the  experimental  arrangement.  The  transmitting  transducer,  held  by  a  special  fixture 
which  is  mounted  onto  the  moving  element  of  the  scanning  bridge,  is  driven  by  a 
computer-controlled  high  power  tone  burst  gated  amplifier  (part  of  RAM- 10000).  Even  though 
this  unit  allows  for  frequencies  ranging  from  below  100  kHz  to  20  MHz,  the  C-scan  system  is 
mostly  operated  in  the  range  around  500  kHz,  due  to  the  currently  available  air-probe  transducers. 
Depending  on  the  focus  of  these  transducers,  and/or  the  specimen  thickness,  the  standoff  distance 
can  range  from  less  than  1/8  inch  to  more  than  2  inches.  The  timing  module  of  the  RAM- 10000 
permits  generation  of  tone  bursts  with  up  to  255  cycles  per  burst,  at  an  internal  repetition  rate 
ranging  from  0.017  Hz  to  10  kHz. 

Depending  on  the  geometry  of  the  test  specimen,  either  the  through  transmitted  ultrasonic 
signal  or  the  transmitted  echo  of  the  ultrasonic  signal  is  received  by  the  transmitter  itself  or  a 
second  air-coupled  transducer  behind  the  specimen.  The  transmitter-receiver  holding  fixture 
allows  both  transducers  to  be  manually  positioned  in  x,y,z  and  at  an  angle  to  each  other,  in 
addition,  and  independently  of  the  XYZ-scanning  bridge.  A  typical  transmitter-receiver  holding 
fixture  through  transmission  setup  consists  of  two  1  inch  diameter  transducers,  both  with  a  2  inch 
focus  (HAP-00516),  where  the  transmitter  is  driven  by  a  504  kHz,  7  cycle  long  burst,  at  a 
repetition  rate  of  50  Hz. 


The  electrical  signal,  produced  by  the  receiving  transducer,  is  fed  directly  into  a  low-noise 
broad-band  preamplifier  (40-60  dB  gain),  filtered,  and  then  fed  back  into  the  broad-band  receiver 
unit  of  the  RAM- 10000,  which  has  an  adjustable  gain  of  up  to  100  dB.  The  then  following 
tracking  superheterodyne  receiver,  quadrature  phase  sensitive  detectors,  and  gated  integrators  with 
variable  time  constant,  integrator  gate  position  and  width,  make  it  possible  to  measure  and  track 
signals  even  under  extremely  noisy  conditions.  The  amplitude  and  phase  data  is  thereby  obtained 
indirectly  via  software  in  the  computer  from  the  digitized  outputs  of  the  two  phase  sensitive 
detectors.  This  scheme  provides  an  additional  real-time  digital  signal  processing  capability,  such 
as  measurement  averaging,  or  a  spectrum  analysis  when  the  system  is  operated  in  the  frequency 
sweep  mode.  The  received  waveform  can  also  be  digitized  directly  and  analyzed  via  the  digitizing 
storage  oscilloscope  (LeCroy  9410). 

The  software  for  the  air-coupled  C-scan  system  gives  the  user  complete  control  over  the 
ultrasonic  measurement  system,  the  XYZ-scanning  bridge,  and  the  oscilloscope.  The  scanning 
bridge  has  a  mechanized  resolution  of  about  6  microns  (0.00024  in.)  along  all  three  axes,  and 
provides  a  free  travel  range  of  26  x  22  x  12  inches.  However,  the  actual  resolution  of  the  system 
is  primarily  determined  by  the  choice  of  the  transducers  and  the  frequency  of  operation.  Thus, 
when  using  the  above  mentioned  set  of  500  kHz,  2  inch  focused  transducers,  the  achieved  lateral 
resolution  is  typically  about  0.5  mm  (0.02  in.).  All  effort  has  been  directed  to  selecting 
components  and  assembling  the  air-coupled  ultrasound  experimental  system. 

Summary: 

Among  the  limited  number  of  non-contact  nondestructive  evaluation  techniques  ultrasonics 
plays  a  prominent  role.  Progress  has  been  made  in  development  of  non-contact  ultrasonic 
techniques  superior  to  anything  developed  previously  and  continuation  of  this  research  will  lead  to 
a  new  generation  of  practical  devices  for  in-service  inspection  applications.  This  research  is  highly 
relevant  to  the  Air  Force  mission  of  ensuring  the  safe,  reliable  in-service  life  of  military  aircraft 
especially  if  flown  well  past  their  original  design  life. 
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(a)  Schematic  diagram  of  single  laser  pulse  excitation  and  EMAT 
detection  of  ultrasound  in  an  aluminum  plate  with  a  one  third 
through  thickness  cut  simulating  a  crack. 

(b)  The  crack  (cut)  reflected  signal  shown  at  30  microseconds. 

Schematic  diagram  of  ten  cavity  Nd:YAG  laser  system  for 
generation  of  narrow  frequency  band  ultrasound  and  EMAT 
detection. 

(a)  The  photodiode  detected  output  from  the  ten  cavity  laser  system 
for  the  case  when  all  ten  cavities  were  pulsed  at  500  nsec  separation. 

(b)  Frequency  power  spectrum  of  the  photodiode  signal  for  a  2  MHz  firing  rate. 

Multiple  pulse  laser  excitation  on  ultrasound  in  an  aluminum  plate 
containing  a  penny  shaped  cut.  The  received  EMAT  signals  are 
shown  for  one,  three,  five,  and  seven  pulse  sequences.  The 
signal's  normalized  frequency  spectrum  is  also  shown. 

Schematic  diagram  of  ten  cavity  Nd;YAG  laser  system  for 
generation  of  narrow  frequency  band  ultrasound  and  laser 
interferometer  detection. 

Experimental  waveforms  received  from  single  pulse  laser  excitation 
of  ultrasound  in  an  aluminum  lap  joint  made  from  1  mm  thick  plates 
bonded  with  epoxy. 

(a)  waveform  from  a  single  plate 

(b)  waveform  from  two  bonded  plates 

(c)  waveform  from  three  bonded  plates 

Theoretically  predicted  waveforms  for  single  pulse  laser 
generated/laser  detected  guided  plate  waveforms  in  1,2,  and  3  mm 
thick  aluminum  plates.  Effects  of  a  finite  bonding  layer  between 
plates  have  been  neglected. 

Laser  generated/laser  detected  plate  waves  in  actual  aircraft  lap  joint 
specimen.  Comparison  with  theoretical  waveforms  for  a  1.35  mm 
thick  aluminum  plate  indicates  these  waveforms  are  plate  waves 
propagating  in  the  top  most  layer  of  aluminum,  possibly  indicating 
incomplete  bonding  between  layers. 

(a)  Experimental  single  laser  pulse  generated/laser  detected  through 
transmission  waveform  recorded  from  a  portion  of  an  actual  aircraft 
lap  joint  single  aluminum  layer  from  which  the  paint  was  removed. 

(b)  Experimental  single  laser  pulse  generated/laser  detected  through 
transmission  waveform  recorded  from  a  portion  of  an  actual  aircraft 
lap  joint  single  aluminum  layer  which  was  painted. 


Figure  10.  (a)  Experimental  single  laser  pulse  generated/laser  detected  through 

thickness  transmission  measurement  through  a  single  layer  of  a 
painted  actual  aircraft  lap  joint  single  aluminum  layer. 

(b)  Experimental  single  laser  pulse  generated/laser  detected  through 
thictoess  transmission  measurement  through  a  triple  bonded  layer  of 
a  painted  actual  aircraft  aluminum  lap  joint. 

Figure  1 1 .  Schematic  drawing  of  the  exjperimental  arrangement  for  laser 
generation/air-coupled  detection  of  ultrasound. 

Figure  12.  Schematic  laser-based  C-scan  system. 

Figure  13.  Laser-based  C-scan  of  0.5"  thick  steel  plate  showing  the  following 
images: 

Top:  2.5"x2.5"  recesses  milled  in  back  surface  (left  1/16",  right  1/8"). 
Bottom:  1/2"  thick  welds  on  back  surface  (left  bad  weld,  right  good  weld). 


FIGURE  1.  (a)  Schematic  diagram  of  single  laser  pulse  excitation 

and  EMAT  detection  of  ultrasound  in  an  aluminum  plate 
with  a  one  third  through  thickness  cut  simulating  a 
crack. 
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FIGURE  1.  (b)  The  crack  (cut)  reflected  signal  shown  at  30  microseconds. 
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FIGURE  2.  Schematic  Diagram  of  ten  cavity  Nc  iser  system  for 

generation  of  narrow  frequency  bam  mnd  and  EMAT 

detection. 
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FIGURE  3.  (a)  The  photodiode  detected  output  from  the  ten  cavity  laser 
system  for  the  case  when  all  ten  cavities  were  pulsed  at  500 
nsec  separation. 

(b)  Frequency  power  spectrum  of  the  photodiode  signal  for  a 
2  MHz  firing  rate. 
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FIGURE  4.  Multiple  pulse  laser  excitation  on  ultrasound  in  an  aluminum  plate 

containing  a  penny  shaped  cut.  The  received  EMAT  signals  are  shown 
for  one,  three,  five,  and  seven  pulse  sequences.  The  signal’s 
normalized  frequency  spectrum  is  also  shown. 
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.  Schematic  diagram  of  ten  cavity  Nd:YAG  laser  system  for 
generation  of  narrow  frequency  band  ultrasound  and  laser 
interferometer  detection. 
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FIGURE  6.  Experimental  waveforms  received  from  single  pulse 

laser  excitation  of  ultrasound  in  an  aluminum  lap  joint 
made  from  1  mm  thick  plates  bonded  with  epoxy. 

(a)  waveform  from  a  single  plate 

(b)  waveform  from  two  bonded  plates 

(c)  waveform  from  three  bonded  plates 
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FIGURE  7.  Theoretically  predicted  waveforms  for  single  pulse  laser 

generated/laser  detected  guided  plate  waveforms  in  1,  2,  and  3 
mm  thick  aluminum  plates.  Effects  of  a  finite  bonding  layer 
between  plates  have  been  neglected 
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FIGURE  8.  Laser  generated/laser  detected  plate  waves  in  actual  aircraft 
lap  joint  specimen.  Comparison  with  theoretical 
waveforms  for  a  1.35  mm  thick  aluminum  plate  Indicates 
these  waveforms  are  plate  waves  propagating  in  the  top 
most  layer  of  aluminum,  possibly  indicating  incomplete 
bonding  between  layers. 
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FIGURE  9.  (a)  Experimental  single  laser  pulse  generated/laser  detected 

through  transmission  waveform  recorded  from  a  portion  of  an 
actual  aircraft  lap  joint  single  aluminum  layer  from  which  the 
paint  was  removed. 
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FIGURE  9.  (b)  Experimental  single  laser  pulse  generated/laser  detected 
through  transmission  waveform  recorded  from  a  portion  of 
an  actual  aircraft  lap  joint  single  aluminum  layer  which  was 
painted 
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FIGURE  10. 


(a)  Experimental  single  laser  pulse  generated/laser 
delected  through  thickness  transmission  measurement 
through  a  single  layer  of  a  painted  actual  aircraft  lap 
joint  single  aluminum  layer. 
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(b)  Experimental  single  laser  pulse  generated/laser 
detected  through  thickness  transmission  measurement 
through  a  triple  bonded  layer  of  a  painted  actual 
aircraft  aluminum  lap  joint. 


FIGURE  10. 
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FIGURE  11. 


Schematic  drawing  of  the  experimental 
arrangement  for  laser  generation/air-coupled 
detection  of  ultrasound. 
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Sample:  1/2"  thick  steel  with  welds  on  back  surface 

Gating,  Time-of-Flight  Gating:  Amplitude 


